INTRODUCTION
Biological barriers separate our bodies from the external environment and certain protected organs, like the brain, from the systemic circulation. Epithelial and endothelial cells connect by tight junctions (TJs) and form the anatomical basis of these barriers. TJs close the intercellular gap thus restrict the paracellular passage of cells, molecules or ions across epithelial and endothelial barriers and limit the penetration of drugs and determine the tightness of biological barriers. Therefore, the paracellular permeability is one of the most important determining factors of drug delivery across barriers and enhancing the penetration of certain drugs, especially hydrophilic large biopharmaceuticals is a great challenge in pharmaceutical research. In addition barriers especially the endothelial cells of the bloodbrain barrier (BBB) provide a metabolic barrier by expressing enzymes that modify endogenous and exogenous molecules. Therefore peptide or neurotransmitter transport to the brain is restricted not only by this mechanism but also by the restricted paracellular route.
TJs of barrier cells are complex structures composed of integral membrane proteins, linker proteins connecting membrane proteins to the actin cytoskeleton and signaling molecules regulating paracellular tightness and transport. Knowledge of the amino acid sequence of these proteins and their secondary structure made it possible to design peptides as novel type of TJ modulators to open the paracellular barrier for drug delivery. A wide variety of modulator peptides were synthesized based on different junctional proteins and tested on barrier models in vivo and in vitro. Based on literature data we have selected for our study six different modulator peptides which act at different targets (Table 1) . Table 1 . Characteristics of the selected TJ modulator peptides.
Peptide Target
Amino acid sequence Mechanism Derived from
ADT-6 E-cadherin
Ac-ADTPPV-NH2
EC1 domain analog designed to target ECL1
HAV-6 E-cadherin

Ac-SHAVSS-NH2
EC1 domain analog designed to target ECL1 For our experiments two well characterized culture models were used. The human Caco-2 cell line, which resembles the epithelium of small intestine both from structural and functional aspects and the primary cell based rat BBB triple co-culture model.
C-CPE
AIMS
While the triple co-culture BBB model was already tested for several types of marker molecules and drugs, it was previously not examined for the penetration of bioactive peptides.
Therefore the first aim of this work was to study the transfer of an unlabeled neuropeptide, the analgesic opiorphin on our BBB culture model.
Several types of TJ modulator peptides are described in the literature as discussed above, but detailed comparative studies were missing at the start of our work. For example, there are many observations on C-CPE or E-cadherin peptides but their efficacy was investigated on one type of barrier model only. No data were available on their barrier specificity or their efficacy compared to other types of TJ modulator peptides either. Thus we wanted to compare the six TJ modulator peptides shown in Table 1 that we selected based on their diversity of targets, mode of action and different sequence on two different barrier models.
Our specific aims were the following: 
MATERIALS AND METHODS
Materials
All reagents were purchased from Sigma (Sigma-Aldrich, Ltd., Hungary), unless otherwise indicated.
Peptide synthesis
Opiorphin (QRFSR) and TJ modulator peptides peptides were synthesized manually by our cooperation partners (Dr. Géza Tóth, Institute of Biochemistry, HAS; Dr. Lívia Fülöp, Department of Medical Chemistry, University of Szeged).
Cell cultures -human Caco-2 cell line and primary brain endothelial cells
Human Caco-2 intestinal epithelial cell line was purchased from ATCC (cat.no. HTB-37) and used until passage 60 for the experiments. Caco-2 cells were grown in DMEM/HAM's F-12 culture medium with stable glutamine (Biochrom GmbH, Germany)
supplemented with 10 % fetal bovine serum (FBS; Pan-Biotech GmbH, Germany) and 50 μg/ml gentamycin. All plastic surfaces were coated with 0.05 % rat tail collagen in sterile distilled water before cell seeding.
Primary cultures of brain endothelial cells, glial cells, and pericytes, and the in vitro BBB model were prepared according to the method described in our previous studies (Nakagawa et al., 2009; Walter et al., 2015) . Brain endothelial cells were cultured in DMEM/F-12 (Gibco, Life Technologies, USA), 15 % plasma-derived bovine serum (First Link, UK), 100 µg/ml heparin, 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml sodium selenite, 1 ng/ml basic fibroblast growth factor (Roche, Basel, Switzerland) and 50 µg/ml gentamycin.
Pericytes and glial cells were cultured in DMEM/HAM's F-12 supplemented with 10 % FBS (Pan-Biotech GmbH) and 50 µg/ml gentamycin.
Peptide treatment concentrations and intervals
For the comparative studies final concentrations of the peptides in treatment solutions were as follows: 2 mM for ADT-6, HAV-6 and AT-1002 peptides, 1 mM for C-CPE peptide, 100 µM for 7-mer peptide and 10 µM for PN159 peptide. For additional experiments with PN159 peptide final concentrations in treatment solutions were 1-100 µM.
Cell viability studies
Two methods were applied to determine the effects of TJ modulator peptides on cell viability: MTT dye conversion assay, and cell impedance measurement.
In 
Permeability studies
Permeability marker molecules albumin (10 mg/ml; Mw: 65 kDa) labeled with Evans blue (167.5 μg/ml) and fluorescein (10 μg/ml; Mw: 376 Da) were used for the permeability experiments. For recovery experiments treatment solutions from both compartments were collected and changed the peptide solutions for culture medium, after one day the permeability experiments were repeated. The concentrations of the marker molecules of collected samples were determined by a fluorescence multi-well plate reader (Fluostar Optima). To measure the transfer of opiorphin across the BBB model 10 μM peptide solutions were added to the upper/donor compartment. To measure peptide flux from the upper to lower compartment the inserts were transferred at 30 and 60 minutes to new wells containing buffer solution. Samples were collected after the experiments and the opiorphin levels were detected by mass spectrometry. In permeability experiments with PN159 (10 μM) on Caco-2 cells fluorescein isothiocyanate (FITC)-labeled dextran marker molecules were used at 1 mM concentrations, and fluorescence intensities of collected samples were measured using a Fluorolog FL3-22 spectrofluorometer (Horiba Jobin Yvon, Paris, France). Drugs were used at 10 μM concentrations and samples were measured by HPLC instrument. The apparent permeability coefficients (P app ) were calculated in upper to lower directions and the clearance of the molecules were also evaluated.
Immunohistochemistry
Morphological changes in epithelial and endothelial barrier integrity were followed by 
Electron microscopy
Cells were treated with 10 μM PN159 peptide for 30 minutes and fixed immediately after treatment or after a 1-day recovery. After briefly washing with the buffer several times, cells were postfixed in OsO 4 and dehydrated. Finally, the membranes of the culture inserts with the cells were removed from their support and embedded in Taab 812. Following polymerization, ultrathin sections were cut perpendicularly for the membrane using a Leica UCT ultramicrotome (Leica Microsystems, UK) and examined using a Hitachi 7100 transmission electron microscope (Hitachi Ltd., Japan).
Molecular modeling
Protein structures were obtained by homology modeling using the MODELLER program package. Human claudins 1, 3, 4, 5 and 7 were homology modeled using the completed mouse claudin-15 as a template. Molecular dynamics simulations were performed by the program NAMD using the CHARMM27 molecular force field with CMAP correction.
The results were visualized by VMD v1.9.1. The docking studies were performed by the CABS docking server and the resulted C-alpha traces were reconstructed by MODELLER using the python script supplied by the server homepage.
Circular dichroism spectroscopy
Far-UV circular dichroism (CD) spectra of PN159 peptide were recorded at 25 °C temperature on a J-810 spectropolarimeter (JASCO International Co. Ltd., Japan). To test the stability of the peptide structure the CD spectra were recorded between 25 o C and 95 o C temperature with a ramp rate of 5 o C/min on a JASCO J-810 spectropolarimeter by using a
Peltier sample holder. The CD spectra were measured between 260 nm and 185 nm with an optical pathlength of 1 mm, the peptide concentration was 0.1 mg/ml in Milli-Q water. The data were analyzed by CDSSTR method on the Dichroweb server.
Statistical analysis
For statistical analysis GraphPad Prism 5.0 software (GraphPad Software Inc., USA) was used. All data presented are means ± SD. Values were compared using analysis of variance followed by Dunnett's test and t-test. Changes were considered statistically significant at p < 0.05. All measurements were repeated three times, the number of parallel samples was minimum three.
RESULTS AND DISCUSSION
Opiorphin penetration across a BBB culture model
MS/MS characterization of the synthetic opiorphin peptide was performed using both collision induced dissociation and higher energy collisional activation. The observed m/z value of the protonated peptide ions and fragmentation pattern were in good agreement with those expected for the QRFSR sequence (Fig. 1A) . Signal intensities in the receiver compartment samples were 1.5 × 10 8 as opposed to 1-2 × 10 6 in the donor compartment samples. The relative quantity of opiorphin which penetrated through the BBB model was 
Effect of TJ modulator peptides on barrier integrity
Effect of modulator peptides on electrical resistance
All six peptides significantly decreased the TEER of Caco-2 layers after 1-hour treatment in non-toxic concentration range ( Fig. 2A) . Treatments with ADT-6, C-CPE and PN159 reduced the resistance of cell layers by more than 50 %, while 7-mer, HAV-6 and AT-1002 caused a 30-45 % drop as compared to control (1309 ± 97 Ω × cm 2 ). The resistance of brain endothelial monolayers was also decreased by the peptides, except C-CPE peptide, which had no significant effect since its targets not expressed on brain endothelial cells (Fig. 2B) . The TJ modulator peptides caused less than 50 % reduction of TEER compared to control (314 ± 48 Ω × cm 2 ). PN159 peptide was the most effective on both models (Fig. 2) . Barrier integrity was recovered in both models in all treatment groups after 24 hours.
Effect of modulator peptides on permeability of cell layers
The modulator peptides increased the permeability of Caco-2 layers for fluorescein and albumin markers (Figs. 3A and 3B ). ADT-6, HAV-6 and especially PN159 peptides were the most effective. The 7-mer peptide had no effect on fluorescein flux, but increased the permeability of albumin. On the BBB model AT-1002, 7-mer and PN159 peptides significantly enhanced the permeability of both markers (Figs. 3C and 3D ). AT-1002 and 7-mer peptides increased the flux of markers 3.5-6-fold, while PN159 peptide showed the highest effect. In the BBB model E-cadherin peptides had a small effect on fluorescein, but not on albumin penetration, while C-CPE had no effect in concordance with the results of TEER measurement. Permeability assays were repeated after 24-hour recovery and the TJ modulating effect of the peptides were reversible on both Caco-2 and BBB models.
Effect of PN159 modulator peptide on the morphology of intercellular junctions
In both culture models the cells were tightly apposed and all junctional proteins were localized at the intercellular connections forming pericellular belts in control groups (Fig. 4) . Epithelial (Fig. 4A) and endothelial ( Fig. 4B ) junctional morphology was drastically changed by the most effective PN159 peptide. All junctional proteins partially disappeared from cell borders. A strong decrease of the staining at the cell border was accompanied by an increase in staining over cell bodies. The morphological changes caused by the peptides were reversible after 24-hour recovery in both models (Fig. 4) .
Effect of PN159 peptide on Caco-2 cell viability
As a follow-up work PN159 was further examined for safety and efficacy on Caco-2 epithelial cells. The colorimetric endpoint dye conversion MTT assay reflects the metabolic activity and viability of cells. MTT test was performed at three different time points after 1-hour treatment with different PN159 peptide concentrations: (i) immediately after the 1-hour treatment, (ii) at one-day recovery and (iii) at one-week recovery (Fig. 5A ). Low concentrations of the peptide (1-10 μM) did not decrease cell viability, while cell damage was found at higher 30 and 100 μM concentrations. The cytotoxic effect of PN159 at 100 μM concentration was not reversible after one day or one week. Kinetics of PN159 effects on Caco-2 cells were followed by real-time impedance measurements (Fig. 5B) . Only the two highest peptide concentrations decreased the cell impedance after 1-hour treatment indicating cell damage (Fig. 5) , similarly to the results of the MTT assay.
Effect of PN159 peptide on barrier integrity ultrastructure of Caco-2 cell junctions
The two highest 10 and 30 μM concentrations opened the paracellular barrier the most and increased the paracellular permeability for both fluorescein and albumin (Fig. 6A ).
Because the peptide was safe for the cells but effectively opened the barrier at 10 μM, this concentration was selected to reveal the kinetics of the reversibility of barrier opening, and to investigate its effects on drug penetration. The effect PN159 peptide was very rapid, the electrical resistance dropped already to 42 % of control value after 1 minute treatment ( between Caco-2 epithelial cells in the control group by transmission electron microscopy, but no junctions were observed following treatment with PN159 peptide (Fig. 6C) . The disappearance of intercellular TJs was reversible, because after 1-day recovery.
Effects of PN159 on the penetration of dextran marker molecules and drugs
All these previous functional and morphological results pointed to the TJ opening effect of PN159 in Caco-2 cells which potentially can be exploited to increase drug penetration across the intestinal barrier. The permeability of Caco-2 monolayers was measured in the apical to basal (intestine to blood) direction for four water soluble dextran marker molecules of different size and four drugs, the hydrophilic atenolol and cimetidine, and lipophilic quinidine and verapamil. All four drugs are substrates of active efflux transporters. Table 2 . Apparent permeability coefficients of dextran marker molecules and drugs in the apical-basal direction (P app A-B, 10 -6 cm/s) in control and PN159 treated cultures. The differences between control and treated groups were expressed in fold changes. 
Characterization of the secondary structure of PN159
According to the obtained CD spectra the secondary structure of PN159 peptide is predominantly unordered structure with β-sheet motifs (Fig. 7A ). This secondary structure of PN159 peptide was relatively stable between 25 and 95 °C (Fig. 7B ). 
Structure and interaction of claudin-7 with PN159
Claudin protein structures were obtained by homology modelling using the MODELLER program package. Docking of PN159 peptide to full length homology modelled human claudin monomers was performed on the CABS server. Docking energies ("total energy") were decomposed to "ligand energy", "interaction energy" and "receptor energy" parts (Table 3) . Based on the modeling, energetically highly favorable interactions were found between PN159 and the ECLs of claudin-1, -4, -5 and -7, but not that of claudin-3. One of the strategies to increase the penetration of large hydrophilic compounds is opening the paracellular gate by targeting TJ proteins. We studied six tight junction modulator peptides, ADT-6, HAV-6, C-CPE, AT-1002, 7-mer PN-78, PN159, which act on different targets, and compared their effects on intestinal epithelial and brain endothelial barriers. All peptides induced reversible opening of tight junctions as confirmed by different methods, but selectivity and differences in efficacy were observed. The targets of C-CPE, ADT-6 and HAV-6 peptides are expressed on epithelial cells which resulted in selective effects on epithelial cells. AT-1002 and 7-mer peptides caused enhanced permeability on both models but they were less effective on the intestinal barrier model. The selectivity of these peptides offers a great potential for innovative targeted drug delivery. PN159 peptide was the most effective permeability enhancer on both models: a rapid and reversible effect was found in low, non-toxic concentrations without permanent morphological changes. Potential targets of PN159 peptide were identified as claudin-1, -4, -5 and -7 but not claudin-3 by affinity measurement and molecular modeling. The secondary structure and the high thermostability of PN159 were also revealed, which can be important for the development of new pharmaceutical formulations and drug delivery systems. The presented results indicate that these peptides can be effectively and selectively used as potential pharmaceutical excipients to improve drug delivery across biological barriers.
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